Abstract: A hydroponics experiment was aimed at identifying the lead (Pb) tolerance and phytoremediation potential of Moso bamboo (Phyllostachys pubescens) seedlings grown under different Pb treatments. Experimental results indicated that at the highest Pb concentration (400 μmol/L), the growth of bamboo seedlings was inhibited and Pb concentrations in leaves, stems, and roots reached the maximum of 148.8, 482.2, and 4282.8 mg/kg, respectively. Scanning electron microscopy revealed that the excessive Pb caused decreased stomatal opening, formation of abundant inclusions in roots, and just a few inclusions in stems. The ultrastructural analysis using transmission electron microscopy revealed that the addition of excessive Pb caused abnormally shaped chloroplasts, disappearance of endoplasmic reticulum, shrinkage of nucleus and nucleolus, and loss of thylakoid membranes. Although ultrastructural analysis revealed some internal damage, even the plants exposed to 400 µmol/L Pb survived and no visual Pb toxicity symptoms such as necrosis and chlorosis were observed in these plants. Even at the highest Pb treatment, no significant difference was observed for the dry weight of stem compared with controls. It is suggested that use of Moso bamboo as an experimental material provides a new perspective for remediation of heavy metal contaminated soil owing to its high metal tolerance and greater biomass.
Introduction
Among heavy metals, lead (Pb) has been acknowledged one of the most abundant metal pollutants in the environment (Patra et al., 2004) . Severe Pb contamination may lead to various environmental problems, such as reduced vegetation structure and biodiversity as well as ground water contamination (Ruley et al., 2006) . Pb is extremely toxic to plants and humans, leading to brain damage and retardation (Cho-Ruk et al., 2006; Islam et al., 2007) .
Phytoremediation can remove heavy metals using plants and offer the benefits of low cost, as well as being an environmentally sustainable technique. To date, about 700 species of plants have been reported to be hyperaccumulators of different contaminants (Xi et al., 2010) . Metal hyperaccumulators are found in a large number of plant families, but most are the Brassicaceae family (Verbruggen et al., 2009; Krämer, 2010) . Moreover, hyperaccumulators (e.g., Thlaspi sp.) are associated with slow plant growth and low biomass yields (Tandy et al., 2006; Epelde et al., 2008) , so there is an urgent need for identification of other plant species having fast growth and greater biomass production. Phytoremediation would be ideal for the recovery of various types of contaminated soil since it is effective and environmentally friendly.
Moso bamboo (Phyllostachys pubescens) grows on more than 3.37 Mha in China, and occupies 70% of the total bamboo in the country (Chen et al., 2009) . Compared with other bamboo species, Moso bamboo has some superior attributes in terms of adaptation to environmental conditions, fast growth rate, multipurpose applications, and high ecological values (Wang et al., 2013) . Growth rate of Moso bamboo is markedly higher than those of other trees. The average shoot elongation and biomass accumulation rate have been reported to be 17 cm/d and 96 g/d, respectively, and it typically reaches a mature state in less than two months with an average height of 15 m (Xu et al., 2011) . In China, Moso bamboo produces biomass of 121.14 t/hm 2 (Wu et al., 2002) , which is higher than that of the other hyperaccumulator species. Metal hyper-tolerance is usually a constitutive and heritable trait (Macnair, 1993) . Sedum alfredii has been found to grow on Pb/Zn mine tailing with shoot Pb concentrations up to 1182 mg/kg. Like S. alfredii, Moso bamboo was also found to grow on the same Pb/Zn mine tailing; therefore, it might have some special tolerance mechanism for these extraordinarily high concentrations of Pb (He et al., 2001; Zhang et al., 2006) . However, no research has been conducted to study the effect of Pb on growth, tolerance, or metal accumulation in Moso bamboo.
The aim of the present study was to explore the phytoremediation potential of Moso bamboo plants for its application during remediation of Pb-contaminated soils. The specific objectives were (1) to investigate the growth and physiological responses of Moso bamboo seedlings grown under Pb stress, (2) to investigate the uptake and accumulation of Pb in different plant tissues, and (3) to study the effect of Pb on ultrastructural characteristics of Moso bamboo.
Materials and methods

Plant materials and hydroponics culture
The experiment was conducted under greenhouse conditions at Zhejiang A & F University, China, with the geographic coordinates 30°19′ N, 119°35′ E. Seeds of the Moso bamboo were collected from mature plants growing in Guilin, Guangxi Province, China. Healthy seeds of the Moso bamboo were surface-sterilized by water with 2 g/kg KMnO 4 for 30 min. After sterilization, seeds were washed using distilled water and sown in a substrate. On the emergence of seedlings, half-strength Yoshida nutrient solution (Shao et al., 2011) was supplied until seedlings with two leaf-pairs were established.
After two weeks, seedlings with the same size were selected and transferred to plastic pots containing 1. 
μmol/L, and (7) 400 μmol/L Pb, and source of Pb was Pb(NO 3 ) 2 . Three plants were grown in each pot and each treatment in triplicate.
Plant harvest and elemental analysis
The plants were harvested after 30 d and the elements were analyzed according to Islam et al. (2007) .
Analysis of root morphological parameters
After careful washing of the roots of the harvested plants with distilled water to remove any contamination, the root length, diameter, surface area, volume, and tip numbers were recorded by an automatic scanning instrument (Epson Expression 1680) equipped with WinRHIZO software from Regent Instruments (Canada). Plant roots were placed in trays containing 7-10 mm depth of water for scanning and analysis. Special care was taken for untangling roots and to minimize overlapping. Three randomly selected plants from each replicate were selected for data collection.
Ultrastructural study using electron microscopy
After treatment with 0 and 400 μmol/L Pb for 30 d, plants were selected for the scanning electron microscopy (SEM) and transmission electron microscopy (TEM) study. Small sections (1−3 mm in length) from the middle of the 3rd leaf were used for SEM (Philips Model XL30 ESEM) study. Leaf segments were selected for TEM study from the middle of the 3rd leaf from the top, using a JEOL 1200EX at an accelerating voltage of 60.0 kV (Islam et al., 2007) .
Statistical analysis
Statistical analysis was carried out using statistical package SPSS (Version 13.0). All values reported are means of at least three independent replicates. Data were tested at a significance level of P<0.05 by one-way analysis of variance (ANOVA) (least-significant difference (LSD)). Graphical work was carried out using Sigma Plot software v.12.5.
Results
Seedling growth and biomass production
In our hydroponics experiments, Moso bamboo was found to be tolerant to excessive amounts of Pb in nutrient solutions. After treatment with various levels of Pb for 30 d, the plants were healthy and had fully expanded lamina with green coloration at all Pb treatments; no toxic symptoms were observed (Fig. 1) . Even the plants exposed to the 400 µmol/L Pb survived and no visual Pb toxicity symptoms such as necrosis and chlorosis were observed in these plants. For the biomass, the dry weight did not decline with the increase of Pb dosage (Fig. 2) . At 400 µmol/L Pb treatment, root and leaf dry weights declined significantly (P<0.05); however, even at the highest Pb treatment, no significant difference could be traced for the dry weight of stem compared with CK.
Effects of Pb on root morphology
Application of various Pb treatments caused significant changes in root morphological parameters; however, effects were more pronounced at the highest treatment (i.e., 400 µmol/L Pb) (Fig. 3 ). Fig. 3 shows that after application of Pb up to 200 µmol/L, total root length, root surface, root volume, or number of tips did not decrease much and even values of all four parameters were higher at 25, 50, and 100 µmol/L Pb compared with CK. However, the values of root length and number of tips did show a sharp decline at the 400 µmol/L Pb treatment, where total root length, surface, volume, and number of tips decreased 61%, 37%, 40%, and 57%, respectively, compared with CK.
Absorption, accumulation, and translocation of Pb
After treatment with different Pb levels for 30 d, Pb concentrations increased significantly in the roots and stems in line with increasing Pb concentrations in the culture solution (Table 1) . After treatment with different Pb levels, Pb concentrations were highest in roots, followed by stems, and were lowest in leaves. At the 400 µmol/L treatment level, the concentrations of Pb were at the maximum of 4283 and 482 mg/kg in roots and stems, respectively. The transfer factor (TF) and bioaccumulation factor (BCF) tended to be decreased across all the Pb treatments. The TF values ranged from 0.07 (400 µmol/L Pb) to 0.37 (25 µmol/L Pb), while BCF values ranged from 10.97 (400 µmol/L Pb) to 37.64 (10 µmol/L Pb). These high BCF values could be attributed to the high levels of metal accumulated in roots, being several fold higher than the levels in shoots. It is noteworthy that all the TF values were less than 1, whereas all BCF values were more than 10. It is clear from the results that the TF and BCF decreased with increasing Pb concentrations.
Scanning electron microscopy
SEM shows that after treating with Pb the surface of the hair became reduced and was smaller slightly than that of CK, and the stomata also diminished (Figs. 4a-4d) . Abundant inclusions were observed in roots (Figs. 4e-4h ), but very few were observed in stems (Figs. 4i-4l) after treatment with Pb. The protective layer on stem surface disappeared apparently and the numbers of leaf hair reduced significantly as compared with CK.
Transmission electron microscopy
Transmission electron micrographs of the Moso bamboo cells of root, stem, and leaf are shown in Fig. 5 . In controls (Figs. 5a, 5c , 5e, 5g, 5i, and 5k), the cells of root, stem, and leaf showed the normal performance and no toxicity symptoms were observed. Their cells were filled with cytoplasm with different organelles. Their structure was intact and the cell wall smooth. The oblong chloroplasts with regular arrangement of thylakoid membranes of the grana and starch grains and few plastoglobuli can be observed in both leaf and stem cells. Small vacuoles, a large nucleus and nucleolus, endoplasmic reticulum, and numerous plasmodesmata were visible in root cells of control plants. After treatment with 400 μmol/L Pb, the symptoms of Pb toxicity were observed in these cells. The cell walls in leaf, stem, and root cells were swollen and their structure was distorted Values of transfer factor (TF) and bioaccumulation factor (BCF) are shown: TF=C S /C R , BCF=C p /C m , where C S , C R , C p , and C m are Pb concentrations in the shoot, root, plant, and medium, respectively. Different letters in the same column indicate significant differences (P<0.05) among treatments and control (CK) (Figs. 5b, 5d , 5f, 5h, 5j, and 5l). In leaf cells, abnormally shaped chloroplasts and dissolved thylakoid membranes were observed; however, the shape of mitochondria changed slightly. There were sparse cytoplasm, decreased numbers of mitochondria, large vacuoles, and shrunken nuclei with reduced nucleoli in the meristematic cells of root.
Discussion
It is known that Pb toxicity is one of the most dangerous environmental pollutants, which inhibits plant growth and development (Cobbett, 2000) . Toxicity symptoms include changes in various physiological responses to high concentrations of Pb. These changes include enzyme activity inhibition, mineral nutrition distortion, and membrane permeability imbalance (Sharma and Dubey, 2005) .
The superiority of Moso bamboo to maintain its growth potential and to tolerate Pb could, at least partly, be due to selective absorption of essential nutrients from contaminated substrates to maintain appropriate nutrition of their photosynthetic organs (Zaier et al., 2010) . Observations on the growth of Moso bamboo and assessment of the root, stem, and leaf revealed that 100 µmol/L of Pb does not affect dry weights, which suggests that Moso bamboo is able to tolerate low doses of Pb. A lesser effect of Pb was observed on stem growth compared with root at high levels of Pb (400 µmol/L), because the first point of contact for this toxic metal is the root (Nada et al., 2007) . In a study on willow, when Pb treatments were above the 169 µmol/L, plants showed stunted growth, chlorosis, and serious root biomass reduction. However, Moso bamboo grew healthy and had fully expanded lamina with green coloration when plants were grown at the 200 µmol/L Pb, and no toxic symptoms were observed. In corn seedlings and the non-mined ecotype of Elsholtzia argyi, owing to an increase in the cell wall polysaccharides resulting from Pb exposure, an obvious increase in dry weight of plant organs was reported (Islam et al., 2007) . In the present study, the increase in the dry weight of Moso bamboo noted at 200 µmol/L Pb might also be due to the increased synthesis of cell wall polysaccharides in the nutrient solution. It has been reported that when the growth and physiological parameters fall to 50% of CK, plant growth is seriously inhibited (Li et al., 2014) . In the present study, the dry weight of Moso bamboo was greater than that of CK in all treatments except for 10 and 400 μmol/L Pb; on the other hand, dry weights only decreased 27% compared with CK even at 400 μmol/L Pb, revealing that Moso bamboo is more suitable for remediation of highly Pb contaminated soil.
Root systems are especially susceptible to heavy metal stress, so the root parameters of plants can be used as important indices (Fan et al., 2011) . The results of the present study showed that better root growth and increased Pb uptake by Moso bamboo are attributed to the maintenance of their root activity under Pb stress. Also our results revealed that roots of the Moso bamboo plants have great potential to tolerate and absorb Pb from the growth medium. It was reported that Cucumis sativus could retain greater amounts of metals in the roots on account of its root morphology ; the greater surface area of these roots is known to contribute more to the absorption of heavy metals and nutrient (Li et al., 2014) . Aboveground biomass is also an important indicator of the phytoremediation potential. Pb concentrations in stem tissues of Moso bamboo were 482.25 mg/kg at the 400 µmol/L Pb. Although the concentration did not reach the standard of hyperaccumulators, considering the greater biomass and the leaves occupying only 4% of all biomass of Moso bamboo (Chen et al., 1998) , it is still quite valuable for phytoremediation purposes.
Roots are the first organ to come into contact with Pb, and provide the primary route for the penetration of metal ions (Piechalak et al., 2002) . It has been well documented that most species roots always accumulated much higher Pb than shoots (López-Millán et al., 2009) . Enrichment occurs when heavy metal is taken up by a plant, resulting in an accumulation in the plant. BCF values higher than 1 are indicative of potential hyperaccumulator species (Audet and Charest, 2007) . All the BCF were more than 10 and these high BCF values could be attributed mainly to the metal accumulated in the roots several-fold higher than that in the shoots. This high retention corroborates the role of roots, minimizes transport to the shoots, and represents a tolerance mechanism important for phytostabilization processes (Pulford and Watson, 2003) . Plants exhibiting TF and particularly BCF values greater than 1 are suitable for phytoremediation. Although Moso bamboo does not reach this standard, it could show normal growth and biomass did not decrease at Pb <400 µmol/L. Given that TF reaches 0.29 at 100 µmol/L Pb, and considering the high biomass values and advantages in postharvest disposal of Moso bamboo, it is suggested that it has great potential as excellent phytoremediation material.
Hyperaccumulators, which retain most of the heavy metal taken up from the soil in the root and detoxify them by chelation in the cytoplasm or storing them in vacuoles, rapidly and efficiently translocate these elements to the shoot via the xylem (Rascio and Navari-Izzo, 2011 ). There were abundant inclusions observed in roots and very few in stems after treatment with Pb. Metal tolerance was often accompanied by a variety of intracellular changes (Hall, 2002; Sinha et al., 2007) . Moso bamboo cell wall, chloroplasts, thylakoid membranes, mitochondria, cytoplasm, vacuoles, and nucleus had a variety of changes, which might reflect metal tolerance capacity of these plants.
Pb toxicity is largely dependent upon absorption, transport, and cellular localization of Pb (Singh et al., 1997) . The roots of Moso bamboo had the highest Pb concentrations compared with other tissues. In TEM studies, the root of Moso bamboo was found to contain small aggregates deposited in the cell wall fractions. This deposition pattern partly explains why roots of Moso bamboo were not able to transfer Pb to aerial parts very well, which limits the apoplastic transport of Pb (Rudakova et al., 1988) . A probable explanation was that in the cell wall, Pb binds to ion exchangeable sites and with further extracellular precipitation as Pb carbonates (Sharma and Dubey, 2005) . Short exposure to Pb may lead to poor translocation of Pb from roots to shoots (Dos Santos Utmazian et al., 2007) .
To date, no work has been reported regarding the Pb accumulation potential of Moso bamboo plants. It grows abundantly in China, growing round the year with a high rate of primary production (58.7 t dry weight/ha) (Chen et al., 1998) , which shows that Moso bamboo might be a good phytoremediation species considering its large biomass compared with other Pb accumulators. The results of these studies open a new perspective for the selection of plant species for phytoremediation purposes.
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